Introduction
The crystal structures ( Fig. 1 ) of minerals occurring along the pectolite --serandite series, NaCa 2 [Si 3 O 8 (OH)] --NaMn 2 [Si 3 O 8 (OH)], have been investigated since the determination of the pectolite crystal structure by Buerger (1956) and a further refinement by Prewitt (1967) . The interest in the minerals with the general formula Na(Ca 2Àx Mn x )[Si 3 O 8 (OH)] (0 x 1) is related to two specific features of their structures. The first one is the uneven distribution of Ca and Mn on the M1 and M2 structural positions. The second feature is the strong asymmetric hydrogen bond between O3 and O4 atoms ( Fig. 1 ) separated by 2.45-2.48 A. Both features are numerically characterized in Table 1 along with the parameters of the triclinic unit cell. The unusual case of a protonated 696 Z. Kristallogr. 222 (2007) 696-704 / DOI 10.1524 696-704 / DOI 10. /zkri.2007 # by Oldenbourg Wissenschaftsverlag, München * Correspondence author (e-mail: Alla.Arakcheeva@epfl.ch) [SiO 4 H] tetrahedron (silanol group) is another interesting aspect of pectolite structure. The ordered Ca and Mn cation distribution in the pectolite --serandite series was precisely described and analyzed by Takéuchi et al. (1976) and Ohashi and Finger (1978) in their crystal chemical analyses of pyroxenoids. The [HSi 3 O 9 ] pectolite chain was considered as a pyroxenoid chain by analogy to the [Si 3 O 9 ] wollastonite chain. The experimental basis for their discussion, namely the localization of Ca atoms mainly in M1 position and Mn atoms in M2 position, was obtained from their own high quality crystal structure refinements published in part previously (Takèuchi and Kudoh 1977) .
The very strong, but asymmetric, hydrogen bond in pectolite was the object of many structural investigations over a long period from 1956, when Buerger first proposed the presence of an H atom between O3 and O4 atoms, and up to 2000, when Jacobsen et al. (2000) using neutron diffraction experiment with serandite revealed two proton positions, H1 and H2, with 0.84 and 0.16 occupations, which were shifted towards O3 and O4 respectively (Table 1) . Using X-ray techniques, the same authors found only one electron density maximum, H (0.179(4), 0.621(4), 0.533(4)), shifted towards O3. This electron density position is closed to that published by Prewitt (1967) for pectolite, where the H atom (0.162, 0.625, 0.530) coordinates were extracted from the residual electron density map without refinement. The structure investigation of Mn-bearing pectolite (Takèuchi and Kudoh 1977) also revealed one electron density maximum between O3 and O4 asymmetrically shifted toward O3; the reported coordinates are (0.178(5), 0.645(5), 0.527(6)).
The hydrogen bond was also confirmed for both pectolite and serandite from single-crystal IR spectroscopy by Hammer et al. (1998) . According to the data obtained from polarized FTIR absorption spectra of pectolite and serandite at 298 and 83 K, there is no essential difference on the hydrogen bond characteristics between the two compositions. The very broad absorption band centred around 1000 cm À1 and parallel to the b-axis was associated with the hydrogen bond elongated along the b-axis direction. Another and sharper OH bending mode was observed at 1396 cm À1 (pectolite) and 1386 cm À1 (serandite) parallel to the c-axis. The absence of the bending motion activity in the a direction was linked to the low probability of H moving closer to Na atom along the a-axis.
From this short review on the strong asymmetric hydrogen bond investigation in the pectolite-serandite series, the following conclusions can be drawn: (i) a single electron density maximum associated with the O3--H . . . O4 hydrogen bond appears at a position, which is identical within 3 standard deviations for all compositions; (ii) this hydrogen bond is extremely strong (O3--O4 ¼ 2.46-2.48 A) and asymmetric, H--O3 ¼ 0.94-1.06 A while H--O4 ¼ 1.42-1.54 A (Table 1) ; (iii) the angles and distances related to the hydrogen bond, are also independent on the composition, except of a slight difference in the O3--O4 distance between two terminal members of the series (Table 1) ; (iv) the nonequivalent splitting of H þ -proton position obtained by neutron diffraction study for serandite is still more symmetrical than the position of the electron density maximum.
As can be seen from the Table 1 , the previous structural study of the pectolite --serandite Na(Ca 2Àx Mn x )[Si 3 O 8 (OH)] series has been performed for the minerals with x closed to 0 (0 and 0.057) and x larger than 0.77 (0.77, 1.67 and 2). The present investigation of the manganoan pectolite (x ¼ 0.27) allows us to cover the gap between x ¼ 0.057 and x ¼ 0.77. Since the strong hydrogen bond appears to be largely independent of the composition, and has been comprehensively investigated at room temperature only, we performed a synchrotron single crystal structure investigation at both 293 and 100 K in order to obtain information about the temperature dependent behaviour of this unusual type of hydrogen bond.
The investigated sample of pectolite was recently found in a pegmatite at Mt. Koashva, Khibiny alkaline massif (Kola peninsula, Russia) in association with natrite, Na 2 CO 3 , lomonosovite, (Na,Ca)Na 4 (Ti,Nb,Fe,Mn) Zubkova et al. (2002) in connection with the average structure investigation of natrite. Well formed, colourless and transparent pectolite crystals with maximal size 0.1-0.02 mm were randomly distributed in a bulk sample of coarse-grained natrite.
Experimental
A fragment of the pectolite crystal with a needle-like shape of dimensions 0.12 mm Â 0.12 mm Â 0.38 mm was selected and mounted on a glass fiber. X-ray diffraction data collection was performed at 293 and 100 K at the Swiss-Norwegian beamline BM01A of the European Synchrotron Radiation Facility (ESRF, Grenoble, France). A Si(111) monochromator was used to select a wavelength of 0.7218 A. A combination of sagitally focusing monochromator crystal and vertically bent mirror in the beamline provide a focused beam of 0.5 mm diameter. The main experimental characteristics are shown in Table 2 . An Oxford Diffraction KM6 diffractometer equipped with a 165 mm diameter CCD area detector was used to record the diffraction images. Temperature control was achieved using a cooled nitrogen gas cryostream supplied by Oxford Cryosystems Ltd. The intensities were integrated and merged with the CrysAlis program (Oxford Diffraction 2002). Lorentz and polarization corrections were applied and absorption effects were corrected using SADABS (R int ¼ 0.026 at 293 K and 0.028 at 100 K).
Structure determination and results
A starting structure model was obtained using SHELXL-97 (Sheldrick, 1997) . All other calculations have been performed with the JANA2000 system of programs (Petříček et al., 2000) . The atomic parameters obtained for Ca1, Ca2, Na and for 9 O atom sites were close to the values reported for pectolite (Prewitt, 1967) . Refinement of this model including anisotropic atomic displacement parameters (ADPs) was performed up to R[F > 3s(F)] ¼ 0.0462 (293 K) and 0.0414 (100 K). U eq ¼ 0.015 (293 K) and 0.007 (100 K) appeared essentially higher for the Ca1 ¼ M1 position in comparison to the much lower U eq ¼ 0.003 (293 K) and 0.001 (100 K) characteristic of the Ca2 ¼ M2 position. For both 293 and 100 K experimental temperatures, the maximal value of the different Fourier synthesis of electron density, 1.6 e A 3 , corresponded to the strong and well defined maximum in the Ca2 ¼ M2 position; a weaker maximum, about 1.0 e A À3 at 293 K and 0.4 e A À3 at 100 K, was also observed in the Ca1 ¼ M1 (Fig. 2a) . Refinement of the Ca1 and Ca2 occupations lead to 1.001(3)Ca and 1.100(3)Ca values in the M1 and M2 positions respectively. These results pointed to the presence of significant amount of Mn in the M2 site. Thus Mn was included in the refinement using the restriction [occupation(Mn) þ occupation(Ca) ¼ 1] which improved essentially the different Fourier syntheses calculated for both 293 and 100 K experiments (Fig. 2b) . The U eq parameters of M1 and M2 positions converged to 0.011 and 0.0067 for 293 and 110 K respectively. Occupation factors were also refined for Na and Si atoms, however their values did not deviate from 1 by less than 0.5 standard deviations and were further fixed to 1. The corresponding residual electron density (Fig. 2b) Table 3 . Interatomic cation-oxygen distances are shown in Table 4 . Geometrical characteristics of the [SiO 4 ] tetrahedra are listed in Table 5 .
The hydrogen bond between O3 and O4 atoms separated by 2.473(3) A at 293 K and 2.458(2) A at 100 K is illustrated in Fig. 3 . The residual electron density is analysed in the (xy) section containing the O3 and O4 atoms (Fig. 3) . One maximum is clearly observed between O3 and O4 atoms at both temperatures (Fig. 3) . This maximum, 0.37 e A À3 (293 K) and 0.35 e A À3 (100 K), is closer to O3. The coordinates x, y, z of this maximum were included into refinement as H while the isotropic ADP was fixed as U iso ¼ 0.0376. The residual electron density map presented in Fig. 4 , right for both temperatures shows a good approximation of the hydrogen bond by one maximum of electron density. The refined coordinates of H are Manganoan pectolite at 293 and 100 K 699 included in Table 3 , while the corresponding geometrical characteristics of the hydrogen bond at the two measured temperatures are listed in Table 6 .
Discussion
The low values of the R-factors and the low residual electron density ( Takéuchi et al. (1976) and Ohashi and Finger (1978) . The unit cell parameters measured at 293 K are also in accord with the refined composition since they are in a proper agreement with data obtained previously for the series pectolite --serandite (Fig. 5) . The comparison of the non-hydrogen atom characteristics obtained at two different temperatures (Table 3-5) can be summarized in the following way. The coordinates of all corresponding atomic positions are identical within 1-3 standard deviations (Table 3) . In comparison to 293 K, the average Si--O distances in [SiO 4 ] tetrahedra are slightly reduced at 100 K by about 0.1% (Table 5) confirming the typical rigid behaviour of the [SiO 4 ] group; the decrease of the average M--O distances in the M1, M2 and Na octahedra (Table 4) are slightly higher (about 0.4%). These distances represent the changes responsible for the unit cell volume decrease in the lower temperature structure ( Table 2) .
The most interesting observation in the lower temperature structure concerns the atoms participating in the strong O3--H . . . O4 hydrogen bond (Table 6 ). The O3--O4 distance is shorter by 0.6% (from 2.473 to 2.458 A), while the average decrease of the O--O distances (including O3--O4) is about 0.2%. A similar observation has been mentioned by Jacobsen et al. (2005) . The electron density maximum associated with H is slightly shifted from O3 toward O4 (Table 3, Figs. 3 and 4 ): the O3--H distance increase from 0.97(4) to 1.06(4) A, while the H . . . O4 distance decrease from 1.50(4) to 1.40(4) A. These results indicate that the hydrogen bond becomes stronger and more symmetric at 100 K. The reason of a more symmetric H-bond at lower temperature might be linked to the shift of the H-bond electron density towards the proton position, which has been found at room temperature (Fig. 4) . In the present study the ratio d(O3--H) : d(H . . . O4) is equal to 0.97 : 1.50 ¼ 0.647 at 293 K and 1.06 : 1.40 ¼ 0.757 at 100 K (Fig. 5d) ; the last value being very close to 1.078 : 1.413 ¼ 0.762 characteristic of the H1 (main) proton position as reported by Jacobsen et al., (2000) . Table 1 ). The manganoan pectolite reinforce the tendency of the dependence hinted on the basis of these two values: the higher the content of Mn, the more asymmetric the H-bond.
The influence of the asymmetric position of the H-bond on the environment close to the bonded O3 and O4 atoms can be analysed in the following way. Each of these O atoms is bonded with one Si atom, one M atom, and one Na atom (Figs. 1 and 4) . The H-bond constricts the O3 and O4 atoms, the O3 atom being more hitched than O4 because of the H-bond asymmetry. The result of the O3--O4 constriction is an elongation of the O3(4)--Si and O3(4)--M distances (Fig. 4, left) and a decrease of the O3(4)--Na distances (Fig. 4, right) . The elongation of O3--Si1 and O4--Si2 can be estimated in relation to O5--Si1 and O6--Si2 respectively, where O5 and O6 are non-bridged O atoms (similar to O3 and O4). The estimation shows that the distance O3--Si1 is essentially (about 1.75%) more elongated than O4--Si2 with 0.25% elongation. Longer O3--Si1 (O3--M1) in comparison to O4--Si2 (O4--M2) (Fig. 4, left) and shorter O3--Na in comparison to O4--Na (Fig. 4, right) are the results of the H-bond asymmetry. The shift of the H-bond electron density maximum towards the O4 affects essentially the O4--Na distance, which decreases from 2.526(3) to 2.508(2) A (about 0.7%), while the average hNa--Oi distance decreases by 0.45%.
The short distance between Na and the maximum of H-bond electron density (Fig. 4 , top-right and middleright) is another interesting detail of the manganoan pectolite. This specific feature is also characteristic of the serandite structure (Fig. 4, bottom-right) . A comparison between the electron density and the proton positions of H atom (Fig. 4 , bottom-right) reported by Jacobsen et al. (2000) for serandite hints to a small dipole splitting of H atom, which has a component toward Na þ ion. The proton position is about 0.17 A further away from Na (H1 þ --Na ¼ 2.29 A) than the maximum of H-electron density (H1--Na ¼ 2.12 A) (Fig. 4, bottom-right) . The Na--H line is close to the a-axis direction, hence the absence of the H-bond vibration parallel to a (polarized FTIR absorption spectra reported by Hammer et al. (1998) ) might be due to the H--Na interaction. Table 1 . The experimental points are connected for a better visualization only. 
